Aim We used insular lizard communities to test the predictions of two hypotheses that attempt to explain patterns of species richness on small islands. We first address the subsidized island biogeography (SIB) hypothesis, which predicts that spatial subsidies may cause insular species richness to deviate from species-area predictions, especially on small islands. Next, we examine the small island effect (SIE), which suggests small islands may not fit the traditional log-linear species-area curve.
INT RODUCTION
states Ôone of community ecology's few lawsÕ is the positive log-linear relationship between species richness and the size of an island or habitat fragment (Williams, 1943; MacArthur & Wilson, 1967; Wilcox, 1980) . Since the publication of MacArthur & Wilson's (1967) The Theory of Island Biogeography, numerous authors have offered supplemental hypotheses and/or critiques to the theory (MacArthur et al., 1972; Murphy, 1983a; He & Legendre, 1996; Connor et al., 2000; Anderson & Wait, 2001; Lomolino & Weiser, 2001) . So much of the research on species-area relationships supports the idea that species richness increases with island area that Lomolino (2000) has suggested it might be Ômore expedient to report the few exceptionsÕ. Here, we examine two hypotheses, subsidized island biogeography (SIB; Anderson & Wait, 2001 ) and the small island effect (SIE; Preston, 1962; Lomolino, 2000) , which both predict that species-area relationships on small islands may vary from species-area relationships on larger islands in a given system. We used lizard species richness data from sixty islands in the Gulf of California to examine these hypotheses.
The SIB hypothesis (Anderson & Wait, 2001 ) predicts that spatial subsidies (resources within the system derived from outside that system) may alter the species richness of subsidized islands such that island area alone is not a sufficient predictor of species richness. Exactly how spatial subsidies alter species richness depends upon the degree to which the total productivity of the island is augmented by the subsidies (Anderson & Wait, 2001 ). For example, islands receiving small to moderate amounts of subsidized material may have greater species richness than would be predicted solely by area (Fig. 1, area A) . These islands would fall on the ascending side of the hypothesized unimodal curve of productivity and species richness (Rosenzweig, 1995; Mittelbach et al., 2001) . Islands receiving large amounts of subsidized material (i.e. those on the descending side of the unimodal curve) may have fewer species than the species-area curve would predict (Fig. 1, area B) . Anderson & Wait (2001) suggest the SIB hypothesis may be used to explain species richness on small islands when these islands have species-area slopes that deviate significantly from species-area slopes that include larger islands. We offer an empirical test of the SIB hypothesis using arthropodivorous lizards on desert islands in the Gulf of California. Arthropodivorous lizards are known to consume the arthropods that occur in high densities as a result of marine subsidies to the islands (Polis & Hurd, 1996a; Barrett, 2002) . These desert islands provided an ideal system because increases in productivity from marine-derived resources are conspicuous because of low terrestrial primary productivity (Andersan & Polis, 1999) . Because of the greater diversity of resources brought onto the islands by marine subsidies (Polis & Hurd, 1996a) , these resources may support a greater variety of consumers. In addition, a greater density of lizards (Polis & Hurd, 1996b) suggests that extinction rates may decrease in the presence of subsidies, thereby allowing species to persist longer on subsidized islands than would be possible without spatial subsidies. Therefore, as predicted by the SIB hypothesis, we predict that species richness of lizards will be greater on small islands and/or islands with seabirds than that predicted by log-log regressions of species richness and island area. We test the SIB hypothesis by comparing data derived from the linear regression analyses of small islands and islands with seabirds (subsidized islands) to large islands and islands without seabirds (relatively unsubsidized islands).
In addition to evaluating the SIB hypothesis, we also consider the potential impacts of the SIE (Preston, 1962; Lomolino, 2000; Lomolino & Weiser, 2001 ). The SIE refers to the presence of two distinct patterns in the species-area relationship. For islands greater than some critical minimum, species richness increases linearly with area as described by traditional log-log models; however, below that minimum, species richness varies independently of island or fragment area (Lomolino, 2000) . For islands subject to the SIE, species richness is most likely to be determined by interisland differences in habitat characteristics such as exposure to storms or other stochastic events (Niering, 1963; Losos, 1998) , or possibly the availability of subsidized materials from the ocean. We test for a possible SIE for islands in the Gulf of California by using a breakpoint regression model (Lomolino & Weiser, 2001 ).
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Log island area (km 2 ) B A Log species richness Figure 1 The subsidized island biogeography hypothesis. Anderson & Wait (2001) proposed islands < 3 km 2 are impacted by spatial subsidies in a manner that may alter species richness. On islands that are moderately subsidized, species richness may be higher than predicted by the species-area curve (region A); however, when spatial subsidies greatly increase productivity species richness may fall below values predicted by area alone (region B). Adapted from Anderson & Wait (2001) .
METH ODS Data collection
We used the most recently published data to determine the species richness of completely or partially arthropodivorous lizards on islands in the Gulf of California (Grismer, 2002) . We amended species richness numbers for four islands (Isla Bota, Isla Cerraja, Isla Flecha, and Isla Pata) near the Bahía de los A'ngeles region where we discovered Phyllodactylus nocticolus Murphy (1983b). Grismer's (2002) checklist does not list this species as inhabiting these islands. We omitted herbivorous lizards (Sauromalus spp.) from the analysis because strictly herbivorous lizards are presumably not impacted by spatial subsidies in the same manner as arthropodivorous lizards. We assume that Sauromalus spp. do not consume the arthropods that increase in density with marine subsidies (Sylber, 1988) . Arthropodivorous lizards (thirteen genera; fifty-one species) inhabit sixty-eight islands in the Gulf; however, we were only able to obtain estimates of island area for sixty of the islands.
We used island size and seabird presence/absence as surrogate measures of productivity. Polis & Hurd (1996a) have shown that secondary productivity is greater on islands with seabirds, and is negatively correlated with island size, because smaller islands have proportionately more area exposed to the ocean. We attributed seabird presence to islands where seabirds are known to consistently roost or nest. We obtained island area data primarily from Murphy et al. (2002) ; however, island area for Isla El Pardito was absent from this source and was obtained from Due (1992) . We determined seabird presence or absence from Felger & Lowe (1976), SanchezPinñ ero & Polis (2000), and L.L. Grismer (pers. comm.) . We used the most recent source when data from different sources concerning a single island were not consistent.
Data analysis
To test for the effects of spatial subsidies from the marine system on terrestrial arthropodivorous lizard species richness, we used data obtained from linear regression analyses. These data were used to compare subsidized islands to islands where subsidies are proportionately less important. Anderson & Wait (2001) proposed that small islands most affected by spatial subsides were those < 3 km 2 . Consequently, we used this cutoff (n ¼ 40 islands) for our analysis of the effects of tidal subsidies; however, we repeated all analyses using a cutoff value of 1, 2, 4 and 5 km 2 (n ¼ 29, 38, 41 and 44 islands respectively). We also used an additional cutoff value of 0.25 km 2 obtained from the SIE breakpoint analysis (n ¼ 18). Except for tests with statistically significant results, we only report data from the 3 km 2 cutoff suggested by Anderson & Wait (2001) and the SIE breakpoint cutoff. Our analysis of the effect of subsidies via seabirds included nineteen islands known to support roosting or nesting seabird colonies.
We plotted the log of lizard species richness against the log of island area for all islands with lizards in the Gulf, and then calculated the residuals for each data point resulting from a least-squares linear regression. To determine if spatial subsidies altered the variance in species richness as predicted by area, we used a two-sample t-test to compare the absolute value of the residuals from subsidized islands to those from unsubsidized islands. We then used a chi-square analysis to determine if the frequency of subsidized islands with species richness values above the regression line for all islands was greater or less than expected by chance. We also tested for a difference between the slopes of the regression lines created by the linear regressions of the two groups (i.e. subsidized and unsubsidized islands) using an analysis of covariance (ANCOVA). For the ANCOVA the predictor variables used in the general linear model were island area, subsidy presence/ absence (as defined by island size or seabird presence), and an interaction term. Island area was used as a covariate.
We re-examined the species-area relationships using a breakpoint regression model (Lomolino & Weiser, 2001 ) to determine if an SIE better explained the variance among species distributions on these islands than a least-squares linear regression model. We performed the breakpoint regression using an Excel macro (Microsoft Corporation, Redmond, WA, USA) developed by Lomolino & Weiser (2001) . An SIE is detected by incrementing the trial breakpoint (the point below which species richness varies independent of island area) by 0.01 each iteration. Breakpoint regression analysis models the relationship between species richness and area below the SIE with a slope of zero, and above the SIE with a linear regression line of best fit. After performing the breakpoint regression, we used the breakpoint value as the cutoff value to reanalyse the small vs. large island data sets. We performed all statistical tests in Minitab (Minitab, Inc., State College, PA, USA) and we considered P-values < 0.05 to be significant.
RESULTS
When all islands with arthropodivorous lizards in the Gulf of California were analysed together, log island area was a significant predictor of log species richness (r 2 ¼ 0.58, P < 0.005), and the regression line had a slope (z) of 0.20. A t-test between the absolute values of the residuals resulting from this regression revealed no significant difference in the magnitude of the variance generated for large vs. small islands at the 3-km 2 cutoff (P ¼ 0.22). Similarly, for small islands there was no significant difference between the predicted frequency of islands containing greater species richness than expected (50%) and the observed frequency (48%; chisquare, P > 0.05). When small (< 3 km 2 ) and large (>3 km 2 ) islands were analysed separately, log area was a significant predictor of log species richness (P ¼ 0.04); however, it was not a significant predictor of log species richness for large islands (P ¼ 0.06). The slope for the linear regression of small islands was not significantly different from the slope of large islands (P ¼ 0.54). When the same analyses were repeated with a small island cutoff of 1 km 2 , we found a significant difference between the slope of the regression lines for small and large islands (P ¼ 0.05, Fig. 2a ).
The analyses above were repeated for islands receiving subsidies from seabirds vs. islands without seabirds. The variance around the line of best fit resulting from the species-area regression of all islands was not significantly different between islands without seabirds and islands with seabirds (t-test between the absolute value of the residuals, P ¼ 0.49). For islands with seabirds, no significant difference existed between the predicted frequency of islands containing greater species richness than expected (50%) and the observed frequency (39%; chi-square, P > 0.05). Log island area was a significant predictor of arthropodivorous lizard species richness on islands without seabirds (r 2 ¼ 0.62, P < 0.005); however, the regression was only marginally significant for islands with seabirds (r 2 ¼ 0.19, P ¼ 0.06). There was no significant difference between the slopes of these two regressions (P ¼ 0.38, Fig. 2b) .
The breakpoint regression model provided only a slightly better fit than log-log linear regression (r 2 ¼ 0.61, Fig. 3 ). The breakpoint for the model was 0.25 km 2 . This value included eighteen of the study islands (30%). After the breakpoint was established, we repeated the tests for large vs. small islands using the breakpoint value of 0.25 km 2 as the small island threshold. There was no significant difference between the absolute value of the residuals for large vs. small islands resulting from the linear regression of all islands (t-test, P ¼ 0.59). For islands below the breakpoint, no significant difference existed between the predicted frequency of islands containing greater species richness than expected (50%) and the observed frequency (56%; chisquare, P > 0.05). Additionally, the slopes of the linear regression lines created by the two groups were not significantly different (ANCOVA, F ¼ 0.14, P ¼ 0.34).
DI SCUSSION
We examined two hypotheses, SIB and the SIE, that provide explanations for species richness patterns on small islands. We used arthropodivorous lizard species richness data from desert islands in the Gulf of California to evaluate these hypotheses. By analysing these data, we provided the first empirical evaluation of the SIB hypothesis. Additionally, we add to the data that has been used by others (Lomolino & Weiser, 2001 ) to test for an SIE, a concept that has received much attention in the current biogeographical literature (Lomolino, 2000 (Lomolino, , 2002 Williamson et al., 2001 Williamson et al., , 2002 . Anderson & Wait (2001) suggest the effects of oceanic spatial subsidies on insular species richness are most likely to be conspicuous on islands < 3 km 2 . Our analyses failed to detect any statistically significant patterns at this island size; however, we did identify a significant difference between the slopes of large and small islands using a 1-km 2 cutoff (Fig. 2a) . With all analyses the slope of the regression for small islands was lower than for larger islands (causing the slope to primarily pass through region A in Fig. 1 ). The residuals (resulting from the species-area regression of all islands) for the two groups did not differ consistently from one another in either magnitude or sign (i.e. above or below predicted values).
In addition to using island size as a surrogate measure of productivity via spatial subsidies, we also used the presence of seabirds. The slope of the regression for islands subsidized by seabirds was less than for islands without seabirds (primarily region A, Fig. 1 ), but this difference was not statistically significant. Analyses on the residuals from the species-area regression revealed no significant differences in magnitude or sign between islands with and without seabirds.
Our use of the breakpoint model to detect a potential SIE revealed only a slight (3%) improvement in the amount of variance in species-area predictions relative to the log-linear model. Lomolino (2000) suggests the SIE may correspond to the range of island sizes where resources are limited to a degree prohibiting the persistence of most populations. In cases such as this, it is possible that a lack of an SIE could be evidence for an effect of spatial subsidies, which may allow populations to persist despite a lack of in situ resources (Anderson & Wait, 2001) .
We suggest that the significant difference between the slopes of the regressions for islands < 1 km 2 and those > 1 km 2 supports a synthesis of the ideas contained within the SIB and SIE hypotheses. While a significant difference between slopes was not found using seabirds as a measure of spatial subsidies, the trend between subsidized and unsubsidized islands was the same. The lack of a clear relationship between island area and species richness that Lomolino (2000) and Lomolino & Weiser (2001) have suggested may very well be due to spatial subsidies. To further test such a hypothesis, one could examine the species richness on small islands with permeable borders (sloping beaches), and compare it with the species richness on otherwise equivalent small islands with impermeable borders (coastal cliffs). If density and species richness are consistently greater on islands with greater permeability to marine inputs by tidal action relative to impermeable islands, then the SIB hypothesis cannot be ruled out as a possible mechanism explaining species richness patterns.
Community interactions can be complex; consequently, there may be factors contributing to the observed patterns for which we have not accounted. We assumed there was no relationship between island age and the ability of a lizard community to indirectly utilize intertidal resources as a result of our numerous observations of lizards foraging in intertidal zones on islands with a variety of geologic histories (Carreñ o & Helenes, 2002) . We also make the assumption that seabirds on these islands are not acting as lizard predators. Our unpublished data on lizard density across many islands in the Gulf with and without seabird populations suggests seabird presence greatly increases lizard abundance. A high density of consumers resulting from spatial subsidies has been documented in several island studies (Markwell & Daughtery, 2002; Polis & Hurd, 1995; Rose & Polis, 1998; Sanchez-Pinñ ero & Polis, 2000) . Increased consumer density may alter community interactions and result in effects on species richness not predicted by the SIB hypothesis. We were not able to test for all such interactions; thus, while we recognize their potential role in the ecology of insular lizards, here we have only evaluated patterns of species richness as predicted by the SIB and SIE hypotheses. Understanding if increased density can stabilize populations to a degree that eventually increases species richness is important to future island biogeography studies.
Small islands are often overlooked by many island studies (Brown & Lomolino, 1998) ; however, studying smaller patches offers an opportunity to gain further insight into the ecological impacts of spatial subsidies on species richness. Additionally, the effects of subsidies via biological transport are likely to be important factors for many island studies (Polis & Hurd, 1995; Sanchez-Pinñ ero & Polis, 2000) . Here, we found evidence that suggest subsidies may alter the slope of species-area regressions. Consequently, we suggest small islands, with their inherently unique features (e.g. greater proportion of border area, more frequent inhabitance by seabirds) receive closer scrutiny in future island studies concerned with patterns of species richness.
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